We show that lowering of the gravitational cutoff relative to the Planck mass, imposed by black hole physics in theories with N species, has an independent justification from quantum information theory. First, this scale marks the limiting capacity of any information processor. Secondly, by taking into the account the limitations of the quantum information storage in any system with species, the bound on the gravity cutoff becomes equivalent to the holographic bound, and this equivalence automatically implies the equality of entanglement and Bekenstein-Hawking entropies. Next, the same bound follows from quantum cloning theorem. Finally, we point out that by identifying the UV and IR threshold scales of the black hole quasi-classicality in four-dimensional field and high-dimensional gravity theories, the bound translates as the correspondence between the two theories. In case when the high-dimensional background is AdS, this reproduces the well-known AdS/CFT relation, but also suggests a generalization of the correspondence beyond AdS spaces. In particular, it reproduces a recently suggested duality between a four-dimensional CFT and a flat five dimensional theory, in which gravity crosses over from four to five dimensional regime in far infrared.
Introduction
In the presence of N elementary particle species in an effective quantum field theory, the consistency of the large-distance black hole physics imposes the following bound on the gravitational cutoff of the theory [1] 
Thus, in the presence of N particle species, the fundamental length is no longer l P ≡ M −1 P l , but rather
This fact can be seen by a number of different arguments, some of which will be briefly reproduced below. The clearest indication of (1.1) is perhaps the fact that in the presence of N species, the black holes of size ≪ l N cannot be Einsteinian, since otherwise they would half-evaporate within the time shorter than their size, which is impossible. Another indication is the consistency between the entanglement and Bekenstein-Hawking entropies [3] (see below). The black hole arguments are qualitatively supported by the perturbation theory intuition [4, 5, 2] , since species do contribute into the renormalization of the gravitational constant. However, the perturbation theory alone cannot lead to any rigorous bound, since it is not protected against the cancellations among the tree-level and the loop contributions, as well as cancellations among the species of different spin, or simply against the re-summation of the perturbative series. Below, we shall rely solely on fully non-perturbative treatment.
In the present paper we wish to shed a different light on the black hole bound on the gravity cutoff (1.1), from the point of view of the quantum information theory. The species label represents a particular form of information, and absorbtion and emission of the species by a black hole is a particular form of the information processing. At the same time, the species back-react on the processing capacity of a black hole, and this back reaction is sensitive to their number.
Thus, it is natural to ask whether there is an underlying connection between the bound (1.1) and the information storage and processing in the presence of black holes. It is the purpose of the present note to establish the above connection. The summary of our findings is as follows.
First, we shall show that the distance l N sets the shortest space-time volume within which the identification of species is in principle possible. Thus, it imposes the limit on the decoding capacity of any detector that can read information stored in the species. This provides an independent evidence for (1.1).
Secondly, we show that by consistently defining the cutoff as the minimal length (time)
scale in which one can store and process the maximal number of independent bits of the information encoded in the species labels, the holographic bound automatically translates as (1.1), and explains equality between the entanglement and Bekenstein-Hawking entropies.
Alternatively, by requiring equality between the two entropies, the holographic bound and (1.1) become equivalent.
Next, we focus on the quantum information processing and will show, that the bound (1.1) follows from the quantum cloning theorem [7] .
Finally, we shall discuss the connection between (1.1) and CFT/gravity correspondence.
We show, that by requiring the equality of UV and IR scales beyond which the black holes go out of the respective Einsteinian regimes in four-dimensional field theory with N-species, on one side, and higher-dimensional pure-gravity theory on another, a certain well-defined correspondence between the two theories follows. In a particular case, when the high-dimensional background is AdS, this reproduces the well known [14] AdS/CFT relation. However, the formulation in terms of the black hole regimes includes no explicit reference to the curvature of the high-dimensional background but only to the crossover scales between the different gravitational regimes. Therefore, such a formulation suggests a way of generalizing the correspondence beyond AdS spaces. As an evidence, we show that this formulation correctly reproduces the recently suggested duality [8] between fourdimensional CFT with N species, and five-dimensional gravity theory of type [9] , in which gravity changes the regime from four to five dimensional behavior at the infrared crossover
Black Hole Evaporation Argument
We shall first briefly reproduce the black hole evaporation argument [1, 2] , leading to (1.1).
We can prove that the scale ( 
where in the very last inequality we have used the definition of l N and the fact that it exceeds R. Thus, the quasi-classicality condition is inevitably violated. Hence no quasiclassical Schwarszchild black hole can exist below the size l N , which proves that the latter length is the gravity cutoff.
Notice that a potential instability of the species cannot provide a loophole from the above reasoning, since in the evaporation of an Einsteinian black hole of size Λ −1 , all the species with the mass M < Λ contribute, irrespectively of their exact lifetime. To see this, consider such a black hole which is at rest in a lab reference frame, and assume that the species have a mass M and a decay width Γ. Since by assumption the black hole is Einsteinian, the evaporation is thermal, and the species are emitted by a typical energy and momenta ∼ Λ. Thus, in the lab frame, the lifetime of an emitted particle is prolonged by the usual Lorenz factor,
Since, for any elementary particle by default Γ < M (or else the state is not a particle, but rather a broad resonance), this time scale is longer than the black hole lifetime, computed in Einsteinian theory. Hence, all the particles count, and the bound is insensitive to the particle instability.
We shall now proceed to investigate the fundamental meaning of the scale (1.1) from the quantum information point of view.
The Fastest Processors
We first wish to show that the scale l N sets the shortest possible time and length scale, over which the proper identification of the species is possible. Consider a theory with N elementary particle species, Φ j , labeled by an index j = 1, 2, ...N. For the beginning we shall assume that the species are stable. One can then store an information in these species. For example, the simplest form of the information is the number of quanta of a given species. If species are stable, and the associated species number is exactly conserved (modulo some periodicity), the information can be stored arbitrarily long in form of a set of these numbers. For example, without loss of generality, let the exactly conserved quantum number for j-th species have periodicity n j . This means, that there are N exact discrete symmetries Z n j , under which the corresponding species transform as,
In such a case an everlasting information can be stored in the form of the set of N numbers
In the absence of gravity, there are no limits to either n j or N. Both, the individual numbers and their multiplicity can be arbitrarily large. In addition, if species are bosons, the information can be stored in an arbitrarily small volume (in case of the fermions, the obvious limitations apply due to Pauli's exclusion principle). However, what is more important for our present analysis, in an imaginary world without gravity this information can also be decoded arbitrarily fast. Indeed, consider a simplest form of such information, carried by a single quantum of Φ j . This information is encoded in the number set n j = δ j1 . In order to decode this information, all we have to do is to recognize the index j. The particle detector that performs this task must contain a presorted sample of particles (and antiparticles) from all the available N species, and simply detect with which of these particles the probe Φ j interacts in some recognizable way (e.g, annihilates).
In the absence of gravity, the size of the pixel that stores the N sample particles can be arbitrarily small, and the detection process can correspondingly be arbitrarily fast.
However, gravity puts an inevitable limit to the smallness of the pixel, and thus, to the decoding capacity of any detector. Indeed, the typical momentum of a sample particle localized within a pixel of size l pix , is
pix . In Einsteinian gravity the pixel with N overlapping such particles will collapse into a black hole when the gravitational radius of the pixel exceeds its size. This will happen for
which coincides with the bound (1.1). Thus, the scale l N sets the ultimate lower bound on the size of a pixel, and thus, on a decoding capacity of the detector.
Notice that making a multi-layer pixel detector, in which the sample species are spread over a distance larger than the gravitational radius of the pixel, does not offer the way out, since such a detector will inevitably increase the detection time beyond l N .
We can now generalize this reasoning to the unstable species. Qualitatively it is clear that instability of the species can only affect the long term capacity of the information storage, because of the finite lifetime. But the short-term storage should not be affected.
This is indeed the case, as we shall now demonstrate. Let the masses and the decay widths of the species be M and Γ respectively (for simplicity we assume this parameters to be species-independent, generalization to non-universal masses is straightforward). Since species are elementary particles, we must have M ≫ Γ, otherwise the species are broad resonances, and should not be counted.
Because species are unstable, the species number symmetries Z n j can no longer be exact. Under the species number symmetry we mean the symmetries that are ascribed only to the species and not to their decay products, even if some other exact symmetry is carried by the latter. (For example, in neutron beta decay, the neutron number is violated, although the baryon number is conserved and is transfered to the proton). However, in the rest-frame of a particle, the species numbers are still approximately conserved on the time-scales t ≪ Γ −1 , and they can be used for the information storage on such scales. In the example of beta decay, the neutron number is approximately conserved on the time scales t ≪ 10 3 sec, and we can reliably store information into the neutron number during the shorter time. For much later times the neutron number is no longer conserved, and cannot be used for the information storage. Instead, the baryon number can be reliably used for the information storage on much longer time scales, at least up to 10 34 y, the current experimental bound on the proton lifetime.
Now it is clear that the instability of the species cannot improve the decoding capacity of the detector, since for the decoding to work the necessary condition is that the size of the pixel must be l pix ≪ Γ −1 , otherwise the detector itself will decay before any reading of information becomes possible. Then, everything goes as for the stable species.
We see that the bound on the gravity cutoff (1.1), that is suggested by the black hole evaporation physics, is also a bound on the decoding capacity of any detector for the system in which information is stored in the number of species. This fact suggests a nontrivial underlying connection between the way black holes processes the information and the number of particle species. We shall now turn to another aspect of this connection. The relation Λ 2 N = M 2 P l has on the other hand a simple quantum information interpretation. In fact, if we take Λ as M P l and we interpret S as the number of Boolean degrees of freedom [6] , then (4.1) will imply that we can pack N bits of information in one Planck unit cell in contradiction with the holographic bound. In order to solve this contradiction we need to introduce the scale (1.1).
We can arrive to the same conclusion by the following reasoning. As discussed in Sec.
2, we can consistently define the cutoff length as the minimal space-time scale Λ −1 , on which one can store and process the information encoded in N distinct species. Since, in each species-number we can encode at least one bit of the information (n j = δ j1 ), we can thus encode total of N bits of such information in an area Λ −2 . But, the holographic bound implies that this maximal number should be equal to the number of the Planck area pixels 
Gravity Cutoff and Quantum Cloning
Lower bounds on black hole evaporation time can be independently established using quantum information theory, namely quantum cloning [7] . Using Rindler coordinates for the black hole horizon we can use the well known Alice-Bob experiment. Denoting ω the Rindler retrieval time, Bob will jump into the black hole with the information about Alice quantum state at
Since the singularity is at X + X − = R 2 for R the black hole Schwarszchild radius, quantum cloning will take place if Alice can send the information to Bob in a time interval of the order
By uncertainty principle this requires an energy of the order of R −1 e ω that should be smaller that the black hole mass. Therefore quantum cloning will take place if the retrieval time ω is smaller than log(R). Since uncertainty principle implies the impossibility of quantum cloning we get the following lower bound on black hole retrieval time ω > log(R) (4.4) This bound is clearly satisfied if according to (2.1) we consider that the retrieval time is of the order R 2 . However the situation changes once we consider that we have N different species. In this case the retrieval time will be reduced to Restoring the powers of M P l , this is obviously violated if the gravity cutoff is above the
. Indeed, let us assume that the cutoff can be much higher, Λ 2 ≫ M 2 pl /N, and apply the above Bob and Alice experiment to a black hole of an intermediate size
Since by assumption the size of such a black hole is bigger than the cutoff length Λ −1 , the black hole in question must be nearly Einsteinian, and the usual thermal evaporation rates apply. Such a black hole then would half-evaporate within the time (2.1). But this time is less than the times that Alice and Bob need to reach the singularity. Thus, Bob would have enough time to retrieve the information from the Hawking radiation, then fall into a black hole and get a message from Alice, thus creating a problem with cloning. The only way out is to assume that for R ≪ l N black holes cannot be Einsteinian, which implies the bound (1.1).
To summarize, the essence of our argument is the following. In Alice and Bob experiment the time scales involved are: (a) The time that is available for Alice to send a message to Bob before she reaches the singularity (call it t A ); (b) The time is takes Bob to retrieve the information from the Hawking radiation (call it t H ); and finally, (c) The minimal time for Bob to fall into the black hole and reach the singularity (call it t B ).
In Schwarszchild coordinates, for a quasi-classical Einsteinian black hole of size R, the times t A and t B are of order R at the starts of the falls correspondingly. The retrieval time on the other hand is of order the half-evaporation time (2.1), t H τ ∼ R 3 M 2 P l /N. The problem with cloning appears because for an Einsteinian black hole of size R ≪ l N ≡ √ N /M P l , we have t A ∼ t B ≫ t H . For a black hole of this size, the available 'lifetimes' for both Alice and Bob are of the same order and of order R, whereas the information retrieval time for Bob is much shorter. This is the crucial role of large N. In other words, because of accelerated half-evaporation time due to emission of too many species, Bob can retrieve the information very fast and follow Alice with just a minor delay. Alice, therefore, has enough time to send him a copy of the information using quanta as soft as of the wavelength ∼ t A and energy 1/t A . Because t A ∼ R, for an Einsteinian black hole the energy involved would by default be smaller than the black hole mass M BH ∼ RM 2 P l ≫ R −1 . Thus, Bob would have all the conditions for creating the problem with cloning.
The only way out is to accept that the black holes smaller than l N are no longer Einsteinian, which implies the gravity cutoff given by (1.1). In summary we conclude that the gravity cutoff in presence of different species is determined by quantum cloning theorem.
Scrambling time
In [10] a new time scale for black hole emission of information was introduced. This is the scrambling time that very likely can be identified [11] with the time required for the diffusion of a bit of information over the entire horizon. In Schwarzschild coordinates this time is determined by
leading to t ∼ D log(R). For the membrane model of the stretched horizon and based on dissipative properties of classical hair as electric charge we get for the diffusion coefficient
= R implying a Rindler scrambling time ω of order log(R).
The main result of [10] is that the retrieval time for Bob to get Alice's information could be as small as the scrambling time, saturating the bound ω > log(R) impossed by the cloning theorem. If we consider the existence of N different species and we decide to keep the gravity scale as M P l we will arrive to the paradoxical situation that , for large enough N, the retrieval time 
for η the viscosity and therefore a rescaling of D depending on the number of species will modify the viscosity-entropy relation [13] 
based on AdS-CFT correspondence.
Thus we conclude that the scrambling time is independent on the number of species which together with the cloning theorem leads us again to identify the gravity scale with
AdS/CFT and the Gravity Bound
The AdS/CFT correspondence [14] is build up on the relation and boundary gauge theory [15] . In fact if we consider the four dimensional gauge theory with N 2 species defined on S 3 ⊗ R with S 3 of radius equal one and we introduce an UV cutoff Λ U V , the total number of degrees of freedom of the theory is given by
1 Notice that in this section, the number of species is N 2 rather than N . So whenever used below, in (1.1) we have to replace N → N 2 .
The holographic principle implies that the total number of degrees of freedom should be equal to the area, measured in five-dimensional Planck units, of a regularized boundary in AdS for some IR cutoff Λ IR
where
IR is the area of the sphere at r = 1 −
Λ IR
for the AdS metric
Since the IR cutoff in the bulk induces an UV cutoff on the boundary theory we can identify
3) which leads to (5.1) once we define the five-dimensional Planck mass by standard KK compactification on S 5 with radius equal R, M
. Thus (5.1) becomes equivalent to
. It is amusing to observe now that if we define the five-dimensional Planck mass
1 R the correspondence (5.5) becomes exactly the gravity bound relation
for a four-dimensional theory with N 2 species with the AdS radius playing the role of the gravity scale l N . Reciprocally we can start with the gravity bound (5.6) for a fourdimensional quantum field theory with N 2 species. If now we define M P l4 as M 2 P l4 = M 8 P l10 R 6 for a generic Kaluza Klein scale R and we write, in full generality, the gravity cutoff Λ as a 1 R for some arbitrary constant a the gravity bound leads to the relation
that for a = 1 is the correspondence (5.1). In other words if for a four dimensional theory with N 2 species we compactify from ten to four dimensions (i.e we assume a string theory completion) with KK scale R then the correspondence (5.1) becomes equivalent to
where, l N 2 ≡ M P /N, is the gravity bound scale for N 2 species. In summary we observe that the typical gravity scale R for N D-branes as given by (5.1) has the information theoretical meaning of being the shortest length scale l N 2 over which identification of the different species attached to the D-branes is possible.
The above result can be formulated in the black hole language. Namely, applying the bound (1.1) to four-dimensional field theory with N 2 species, we can obtain AdS/CFT relation by requiring the equality of UV and IR scales, beyond which the black holes of the two theories go out of the corresponding Einsteinian regimes. Indeed, on the 4D field theory side with N 2 species, this is the scale Λ U V = l −1 N 2 , due to the black hole evaporation argument, reproduced in section 2. Black holes smaller than l N 2 evaporate too quickly and cannot be quasi-classical. On the side of the 10D theory, both the compactification radii as well as the AdS curvature set the obvious IR scale Λ IR = R −1 , below which no classical black holes exist [16] . Equating the two scales and using the usual geometric relation between the four and ten-dimensional Planck masses and the string scale, we recover the well known AdS/CFT relation.
The above formulation in the black hole language carries no explicit reference to the background curvature of the high-dimensional theory, but only to the UV and IR crossover scales at which the change of the gravitational regime happens. This suggests a way in which the field theory/gravity correspondence may be extended beyond the AdS framework. An interesting evidence of such an extension is a recently suggested duality [8] between the four-dimensional CFT with N 2 species and a flat five dimensional gravity theory of type [9] with four-dimensional boundary Einstein term on the 3-brane. In the latter theory gravity changes from the four to five dimensional regime at an IR crossover distance r c . It was observed in [8] that the scale factor evolutions exactly match in the two theories, subject to the identification, Taking into the account the fact that r −1 c ≡ Λ IR is the infrared scale at which gravity (and correspondingly the black holes) changes the regime, and requiring UV-IR connection between the two theories, we realize that (5.9) translates as the bound (1.1)!
Finally it is interesting to compare the gravity bound relation with the string-black hole correspondence [17, 18] . If we denote n the string multiplicity level then the mass of the corresponding string state is which implies that l s is just l N if we formally identify the number of species N with the string multiplicity level √ n. In the same way that for the black hole string transition the critical value of the string coupling is at g c = n − 1 4 we get from the gravity bound (1.1) a critical value for the string coupling g c = N − 1 2 for N species at which l N = l s .
